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The epoch of reionization remains an unsolved puzzle in the cosmic history. It
is expected to reveal a great deal of information about the cosmic structure
formation and the first stars and galaxies. The redshifted 21 cm line emission of
neutral hydrogen is thought to be a promising probe of the ionization state of the
intergalactic medium at high redshifts. Many experiments are in the early stages
of their journeys towards detecting the 21 cm signal with the new generation
radio telescopes. However, these efforts are faced with daunting challenges due
to (i) faintness of the signal in comparison with sensitivities of current telescopes,
(ii) a foreground contamination which is orders of magnitude brighter than the
signal, and (iii) instrumental artefacts. The scientific goal of the work presented
in this thesis has been to gain a deeper understanding of these challenges and
to develop methods to overcome them. This chapter summarizes the key results
from this thesis and provides an outlook on possible directions for future work.
5.1 Results from this thesis
The work presented in this thesis can be broadly divided into two areas: i)
developing robust statistical analysis techniques for a detection of the 21 cm
signal ii) identifying practical challenges while applying the developed methods
to observed data and investigating ways to circumvent them.
5.1.1 The variance statistic
I studied the variance statistic as a tool to detect the 21 cm signal and constrain
some properties of the EoR in chapter 2. The following are the main results
from this study:
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1. Ongoing 21 cm experiments with their limited sensitivities can benefit
from the variance statistic where measurements at all spatial scales can
be combined to improve the signal-to-noise ratio for a detection of the
signal.
2. I developed a parametric model for the evolution of the variance of the
21 cm signal with redshift. This model can be used to constrain the
redshift and the duration of reionization when variance measurements
from ongoing experiments become available.
3. I developed a maximum likelihood-based analysis pipeline for the LOFAR-
EoR project to estimate variance from calibrated data. As a results,
the project should be able to detect the signal with a 4σ confidence and
constrain the redshift and duration of reionization with 600 hours of data,
if systematic effects can be controlled.
4. The chromatic nature of the point spread function of an interferometer and
its implications for 21 cm experiments have received rigorous treatment in
literature, but the chromatic nature of the primary beam has not. I showed
that a chromatic primary beam can significantly deteriorate removal of
foregrounds. Therefore, a careful consideration of effects of the primary
beam is needed.
5.1.2 Systematic biases due to calibration
Our efforts to apply the variance analysis to LOFAR-EoR data soon faced
practical challenges due to systematic biases which I had ignored in chapter
2. The analysis of these systematic biases presented in chapter 3 has led to the
following results:
1. Calibrated data shows two systematic biases: (i) the diffuse polarized
foregrounds are suppressed, and (ii) the data contains excess power beyond
the thermal noise on small frequency scales. Both of these systematic
biases pose obstacles in a detection of the 21 cm signal. A suppression
of diffuse polarized foregrounds could imply a suppression of the 21 cm
signal in total intensity on large angular scales. The observed excess power
corrupts small frequency (large k‖) scales which are expected to be free of
any foreground contamination and hence promising for a detection of the
signal.
2. Statistical properties of the observed excess power such as its angular
power spectrum, correlation among multiple observations resemble that
of the thermal noise. Therefore, we refer it as the “excess noise”.
3. The chromatic nature of the point spread function and ionospheric
scintillation can not be dominant causes of the excess noise.
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4. Self-calibration and source subtraction with an incomplete sky model
containing only bright discrete foreground sources can suppress signals
not included in the model. Furthermore, it can introduce excess power
to residuals which show angular power spectrum similar to that of the
thermal noise.
5. We predict that the excess noise due to the calibration with an incomplete
sky model should be uncorrelated among different observations. The
observed data confirms this prediction. Frequency-differenced images of
different observations show only 10% correlation.
6. The excess noise due to calibration should reduce with the square root of
the total observation time as multiple observations are averaged.
7. Artifacts of the calibration with an incomplete sky model, i.e. the
suppression of diffuse unmodelled signals and the excess noise, can be
circumvented with the following solutions:
(a) Excluding short baselines in the calibration: Only long baselines
can be used to obtain calibration solutions for all interferometric
elements. The obtained solutions can then be used to subtract
foreground sources on long as well as short baselines. This ensures
that unmodelled signals are not suppressed on short baselines which
are promising for a detection of the 21 cm signal. Excluding short
baselines in calibration shows that diffuse polarized foregrounds are
preserved in source subtraction. However, noise on these baselines is
enhanced.
(b) Multi-frequency calibration: Instrumental and ionospheric effects
vary smoothly frequency. Therefore, simultaneous calibration of wide
bandwidth data can be used to enforce smoothness of calibration
solutions with frequency. Such a calibration restricts the freedom of
gain solutions to vary with frequency and thereby circumventing a
frequency independent excess noise.
5.1.3 Power spectrum analysis
I studied the power spectrum metric in chapter 4 which provides more leverage
in identifying and controlling systematic biases in comparison with the variance
statistic. The main results of this analysis can be summarized as follows:
1. I developed a power spectrum estimation pipeline for calibrated radio
interferometric data. This pipeline is composed of the following steps:
(i) conversion of data from flux density to brightness temperature units
(ii) optimal averaging of data from multiple observations (iii) maximum
likelihood-based Fourier transform from frequency to time-delay space (iv)
power spectrum estimation based on inverse covariance squared weighting.
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2. Normalizing radio images to Jy per pixel units instead of the conventional
unit of Jy per PSF is advantageous while converting observed data from
flux density to brightness temperature units. This circumvents the issue
that the solid angle subtended by the PSF of an interferometer is zero.
3. Artifacts of missing data due to RFI flagging can be reduced by using
least squares spectral analysis instead of a discrete Fourier transform from
frequency to time-delay space.
4. We have improved our calibration strategy based on the lessons learned in
chapter 2. We exclude short baselines in calibration to avoid suppression
of the signal. We also use multi-frequency consensus calibration to enforce
smoothness of calibration solutions with frequency. Additional constraints
provided by a simultaneous wideband calibration reduce the enhancement
of noise on excluded baselines in the calibration.
5. Applying the developed power spectrum analysis methodology to a 13
hour data with LOFAR results into 95% confidence upper limit on the 21
cm power spectrum of ∆2 < (79.6 mK)2 at k = 0.06 h cMpc−1 in the
redshift range z = 9.6− 10.7.
6. Our current measurements are limited by systematic biases rather than
the thermal noise. Two potential sources of systematic biases can be
identified:
(a) Excess noise due to calibration: We reduce the excess noise which is
an artefact of the calibration by using multi-frequency constraints.
However, the residuals still do not reach the thermal noise due to an
incomplete sky model used in the calibration.
(b) Foreground residuals: source subtraction and the foreground removal
algorithm GMCA reduce the foreground power by about five orders
of magnitude. However, further improvements are needed to reach
the thermal noise.
5.2 Looking forward
The new generation of radio telescopes are about to open a new window
onto the high redshift Universe. The last decade has seen significant efforts
towards detecting the redshifted 21 cm radiation from the epoch of reionization.
Experiments with LOFAR, MWA and PAPER telescopes have been gathering
hundreds of hours of data. Novel methods for calibration, foreground removal
and data analysis are being developed. However, reaching the immense dynamic
range required for a detection remains a daunting task. What follows is my
perspective on next steps in order to meet this challenge.
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On the theoretical front, a better understanding of the cosmic signal will aid
observational efforts. The question “How do we know that we have detected the
21 cm signal?” remains unanswered. We are yet to find an unique signature
of the signal that distinguishes it from systematic biases. In this thesis, I
considered a rise and then fall of the variance with redshift as a preliminary
signature of the cosmic signal. However, finding more robust probes of the
signal could form an important aspect of future theoretical work. Furthermore,
constraining reionization parameters from the variance measurement is just a
first step in forming astrophysical interpretations of observed data. In order to
reveal the astrophysical knowledge associated with reionization, we will need to
develop methods to translate statistical measurements of the 21 cm brightness
temperature to the neutral fraction of hydrogen and even further to properties
of the first ionizing sources.
On the analysis side, calibration is perhaps the most important but least
understood step in data processing. Self-calibration is a complex, non-linear
optimization problem with a high-dimensional parameter space. The excess
noise studied in this thesis was previously unknown as an artefact of self-
calibration with an incomplete or erroneous sky model. Gaining a deeper
understanding of the calibration is important not only for EoR experiments
but rather any deep observation taking advantage of unprecedented sensitivities
offered by the new radio telescopes as well as the upcoming Square Kilometre
Array.
As EoR experiments march towards the goal of detecting of the 21 cm signal,
the future looks exciting. Thanks to such an ambitious target, the coming
years will bring many innovative techniques and expected as well as unexpected
discoveries!

